The Role of High-Elevation Headwater Runoff in Streamflow Generation and Water Supply in the Northern Andes, Colombia by Lotero Lozano, Laura
University of South Florida
Scholar Commons
Graduate Theses and Dissertations Graduate School
November 2017
The Role of High-Elevation Headwater Runoff in
Streamflow Generation and Water Supply in the
Northern Andes, Colombia
Laura Lotero Lozano
University of South Florida, laura.i.lotero@gmail.com
Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the Geochemistry Commons, and the Water Resource Management Commons
This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in Graduate
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact scholarcommons@usf.edu.
Scholar Commons Citation
Lotero Lozano, Laura, "The Role of High-Elevation Headwater Runoff in Streamflow Generation and Water Supply in the Northern
Andes, Colombia" (2017). Graduate Theses and Dissertations.
https://scholarcommons.usf.edu/etd/7421
 
 
 
 
 
The Role High-Elevation Headwater Runoff in Streamflow Generation 
and Water Supply in the Northern Andes, Colombia 
 
 
by 
 
 
  
Laura Lotero Lozano 
 
 
 
A thesis submitted in partial fulfilment 
 of the requirements for the degree of 
Master of Science 
Department of Geoscience 
College of Arts and Science 
University of South Florida 
 
 
 
Major Professor: Mark C. Rains, Ph.D. 
Co-Major Professor: Kai C. Rains, Ph. D. 
Thomas L. Crisman, Ph. D. 
  
 
Date of Approval: 
November 3, 2017 
 
 
 
Keywords: High-elevation headwaters, runoff, streamflow, stable isotopes, 
 mass-balance mixing models, Northern Andes 
 
Copyright © 2017, Laura Lotero Lozano 
 
 
 
 
 
 
 
 
 
 
1 
 
 
 
 
DEDICATION 
 
I dedicate this project to the Colombian people. I hope that this project will help inform 
Colombians about where their surface water originates and how to manage it for a better future.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACKNOWLEDGEMENTS 
 
 
I would like to thank my committee Dr. Mark Rains, Dr. Kai Rains, and Dr. Thomas 
Crisman. Each member played an essential role in achieving this study. I would also like to thank 
my family for their support and assistance during fieldwork and investigations. In addition, I would 
like to thank the members of the Ecohydrology Laboratory at the University of South Florida’s 
School of Geoscience for their help and advice. I am grateful to the staff cattle ranchers who were 
able to guide us through the páramos and rural regions of the Northern High Andes. Lastly, I 
would like to mention my appreciation to the Fred L. and Helen M. Tharp Endowed Research 
Fellowship Fund that provided funding for this project. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE OF CONTENTS 
 
LIST OF TABLES 2 
LIST OF FIGURES 3 
ABSTRACT 4 
INTRODUCTION 5 
STUDY SITE 7 
METHODS 11 
Data Collection 11 
Laboratory Analyses 12 
Mass-Balance Mixing Model 13 
RESULTS 15 
Water Chemistry 15 
Mass-Balance Mixing Models 20 
DISCUSSION 23 
REFERENCES 28 
APPENDICES 33 
Appendix A: All of the data 33 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
 
 
 
 
 LIST OF TABLES  
 
Table 1. Physical and chemical properties of high-elevation headwaters, shallow 
groundwaters, and stream waters during the dry season (i.e., August 2016) 
and the wet season (i.e., November 2016). 15 
Table 2. Proportions of high-elevation headwaters runoff contributing to streamflow for a) 
the dry season (i.e., August, 2016) and b) the wet season (i.e., November, 
2016). 20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
 
 
LIST OF FIGURES 
 
Figure 1. Study site location and sample collection maps. The City of Tulúa (population 
200,000) is situated in the Valle del Cauca, west of the central cordillera of the 
Northern Andes. 8 
Figure 2. Parámos occur in high-elevation settings throughout Central and South America, 
including the Northern Andes. 10 
Figure 3. Isotopic composition of all high-elevation headwaters the dry (i.e., August 2016) 
and wet (i.e., November 2016) seasons. 18 
Figure 4. Deuterium excess vs magnesium during the dry season (i.e., August 2016) and 
the wet season (i.e., November 2016). 19 
Figure 5. High-elevation headwater runoff contribution to streamflow for a) the dry season 
(i.e., August, 2016) and b) the wet season (i.e., November, 2016). 21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
 
 
 
 
ABSTRACT 
 
Water security requires that sufficient quantities of water be available at critical times. This 
is particularly challenging for high-intensity urban and agricultural settings. In underdeveloped 
nations, streamflow is commonly the preferred water source, as it is readily available and 
delivered cost-free to users. Yet, the sources of these critical streamflows are often unknown. 
This issue is salient in the Northern Andes, where basic knowledge of controlling factors for the 
quantity, quality, and timing of runoff is lacking. High-elevation headwaters are the primary 
catchment areas in the Northern Andes, but the extent of water providing to municipalities in the 
Northern Andes is unknown. In this study, the contribution of water derived from the upper 
watershed to the streamflow in the Tulúa River which supplies water to 200,000 people in the city 
of Tulúa was quantified. The river runs 72 km through urban, agricultural, and industrial land use 
in the Central Cordillera of the Colombian Andes. We collected 32 and 34 water samples in August 
and November, respectively. The water samples were representative of high-elevation 
headwaters runoff, shallow groundwater discharge, and streamflow throughout the watershed. 
Samples were analyzed for dissolved constituents and stable isotopes. The dissolved 
constituents were used in mass-balance mixing models to identify the source of streamflow in the 
lower watershed of the Tulúa River, where it the river supports a large municipality. Results 
indicate that approximately 50% surface runoff largely originates as high-elevation headwater 
runoff, including high-elevation settings where páramos dominate the land cover. These findings 
underscore the need for source-water protection efforts in the upper watershed, including the 
páramos. This project serves as a model for other páramo derived watersheds, where source-
water protection is a critical challenge.  
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INTRODUCTION 
Water security requires a sufficient quantity and quality of water be delivered at critical 
times. This is particularly challenging for high-intensity urban and agricultural socioecosystems, 
where direct precipitation is insufficient in amount and/or timing to meet intense water demands. 
Such socioecosystems consume more resources than can be locally sourced (Schlenker et al., 
2005). This imbalance dictates that resources – particularly water – must be imported from large, 
external areas (Schlenker et al., 2005). 
Surface water is typically the preferred water source in less developed nations, being 
readily available and cost-effective (Fry et al., 2012). Its importation is particularly cost-effective 
when precipitation falls at higher elevations and delivered cost-free by streams and rivers to 
downgradient users (Fry et al., 2012). Headwater streams comprise >50% of the stream length 
in watersheds (Nadeau and Rains. 2007). Therefore, most streamflow begins its journey in 
headwaters. Some of this water is delivered to the stream as direct runoff, but much is first stored 
and later released as baseflow. In either case, the distribution between direct runoff and baseflow 
plays an important role in how water is routed through the watershed (Tarboton, 2003). Headwater 
wetlands also can play a central role, storing, transforming, and releasing water and therefore 
playing important roles in determining the quantity, quality, and timing of water delivered to 
downgradient users (Bullock and Acreman, 2003; Leibowitz et al., 2008). 
Water security issues are particularly salient for urban and agricultural socioecosystems 
that flank the Northern Andes because Andean headwaters are increasingly at risk (Buytaert, 
2007). Expected changes due to climate change include both decreased snowfall and increased 
precipitation variability, with prolonged droughts interspersed with high-intensity precipitations 
(Bradley et al., 2006; Fry et al., 2012). Both would likely result in proportionally more direct runoff 
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and less baseflow, fundamentally altering the quantity and timing of water delivered to 
downgradient users. Meanwhile, land-use change is advancing into the headwaters, with grazing, 
logging, and mining being particularly prevalent (Buytaert et al., 2006). Besides affecting water 
quantity and timing, these land-use changes will also affect water quality, by both creating new 
point and non-point sources of pollution and altering the flowpaths through which water flows 
(Buytaert et al., 2006). Unfortunately, while there is emerging recognition of the importance of 
headwaters, there is a concomitant realization that we lack basic knowledge of specifically how 
headwaters control the quantity, quality, and timing of runoff in the Northern Andes. The research 
described here proposes to close this gap, particularly as it relates to the roles played by high-
elevation headwaters regions in Colombia. 
The objective of this study is to improve understanding of streamflow generation in the 
Northern Andes, particularly as it relates to water supply to rural and urban users on the lower 
flanks and in the valleys. Using mass-balance mixing models we show that streamflow is 
disproportionately generated in high-elevation headwaters (~50%), which are largely covered in 
páramos, tropical alpine ecosystems under threat of climate and land-use change. We therefore 
also show that rural and urban water supply is at risk to potential changes in the quantity, quality, 
or timing of streamflow due to climate or land-use change in these inadequately protected 
settings. 
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STUDY SITE 
This study was conducted in the Tulúa River Watershed, situated on the west flank of the 
central cordillera of the Northern Andes, Colombia (Figure 1). The Tulúa River Watershed is 
91,485 ha and is drained by the Tulúa River, which is 72 km in length, originating at 4100 m above 
sea-level and reaching its final point of discharge Tulúa River to the Cauca River at 900 m above 
sea-level. Mean annual discharge of the Tulúa River at its confluence with the Cauca River is 
15.7 m3/s (Arias, 2007; Rosero Quimbayo and Torres Gómez, 2015). (Arias, 2007). The larger 
Cauca River Watershed is socioeconomically important, providing water to approximately 25% of 
the population of Colombia (Zuñiga et al., 2006).  
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Figure 1.  Study site location and sample collection maps. The City of Tulúa (population 200,000) 
is situated in the Valle del Cauca, west of the central cordillera of the Northern Andes, and 250 
km west of the capital city, Bogotá. Water samples were collected upstream of the city of Tulúa 
in the Tulúa River Watershed, including two páramos on opposite sides of the Tulúa River canyon. 
Tulúa River water, diverted at the Tulúa Intake, is the primary water source for the City of Tulúa.  
 
Inter-Andean valleys, such as the Tulúa River Watershed, are subject to varying degrees 
of influence from oceanic and continental air masses, resulting in bimodal seasonal precipitation 
patterns (Buytaert et al., 2006). Mean±SD temperature and precipitation are 21.3±0.5 ºC and 
1597±224 mm, respectively (Orozco, 2011). Continental air mass interactions, combined with the 
irregular topography and the large differences in slope, exposure, and elevation, result in strongly 
varying weather patterns across space and time (Buytaert et al., 2006). High and sometimes 
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intense precipitation, steep slopes, and erodible soils typically produce high streamflow, soil 
erosion, and landslide potential (Messerli, 2000).  
The western flank of the central cordillera of Valle del Cauca has three major geological 
formations: schists, basalts, and a mixture of sands, limestones, and conglomerates (CVC, 2012). 
The lowland-valley aquifer is composed of an unconfined unit of sands and gravels overlying a 
clay-confined unit of sands and gravels (CVC, 2012). Weathering of these materials by water-
rock interactions results in dissolved constituents such as magnesium and calcium. While 
metamorphic (e.g., schists) and volcanic (e.g., basalts) rocks, have similar weathering rates, 
carbonate sedimentary rocks (e.g., limestones) dissolve more readily in water, thus providing 
more dissolved constituents to the total load. 
Páramos cover nearly 16% of the uppermost elevations in the Tulúa River Watershed, 
between 3400-4100 m above sea level (Figure 1 and 2) (Castillo Díaz, 2011). Páramos are 
tropical alpine grassland-shrubland ecosystems, commonly located on the upper region of the 
Northern Andes between the upper tree line (~3500 m) and the permanent snow line (~5000 m) 
(Castaño, 2002; Hofstede et al., 2003; Buytaert et al., 2006). Andean and sub-Andean forests 
cover mid-elevations between 1200-3400 m above sea level (Figure 1) (Arias, 2007), though 
these ecotypes have been significantly altered by extensive cattle grazing and other forms of 
agriculture (Castillo Díaz, 2011). Human population in this region is low and rural villages are 
dispersed either close to the páramos or to the Tulúa River or its tributaries. The remainder of the 
Tulúa River Watershed is lowland valley, between 900-1200m above sea level (Figure 1). The 
lowland valley is characterized by an extensive monoculture of sugarcane and dense populations 
in the City of Tulúa (~200,000 inhabitants) and the surrounding communities. The City of Tulúa is 
the fourth largest city in Valle del Cauca, and is an important regional industrial and commercial 
center. The city is primarily powered by hydroelectric power from two dams on the Tulúa River. 
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Figure 2. Parámos occur in high-elevation settings throughout Central and South America, 
including the Northern Andes. They are characterized by organic “peat” soils, low grasses and 
shrubs, and many endemic taxa such as the tall, broad-leaved frailejon (Espeletia spp.) pictured 
below. Excess water from precipitation, cloud interception, and/or glacial-melt runoff collects in 
depressional areas to form parámo lagoons. 
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METHODS 
Data Collection 
Data were collected from the high-elevation headwaters (3,700 m) to the valley bottom 
(960 m). Sample locations were selected based on reviews of maps and aerial photographs and 
interviews with local landowners. Access to most locations was limited by poorly developed roads, 
with many locations only accessible by foot or horseback.  
In total, 32 and 34 locations were visited in August and November 2016, respectively. 
August is on average the driest month of the year with the least river flow, and November is on 
average the wettest month of the year with the most river flow (Arias, 2007). The locations 
represented high-elevation headwater runoff (n = 10 and 11 in August and November, 
respectively), shallow groundwater discharge (n = 10 and 9 in August and November, 
respectively), and stream water (n = 12 and 14 in August and November, respectively) (Table 1, 
Figure 1).  
In the field, GPS coordinates were gathered using a Garmin Rino 650 GPS (Garmin Ltd., 
Olathe, Kansas), and water temperature, pH, and specific conductance were measured using a 
YSI 556 MPS (YSI, Yellow Springs, Ohio). For cation analyses, water samples were filtered 
through 45μm capsule filters and placed into 50 ml HDPE bottles; for stable isotope analyses, 
water samples were placed into 20 ml bottles covered with parafilm to ensure there was no post-
sampling contact between the water samples and the atmosphere. All of the water samples were 
collected from the water surfaces because high-elevation headwaters and shallow groundwaters 
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were shallow (~5-36 inches deep) and stream waters were fast flowing and well-mixed. All 
samples were transported and stored at 4±2 ºC prior to analyses. 
Laboratory Analyses 
Samples were analyzed for magnesium and calcium because they are low-cost, 
conservative tracers that typically have relatively low values in precipitation and direct runoff but 
relatively high values in groundwater, and therefore are robust tracers of surface-water and 
groundwater interactions in fluvial environments (e.g., Gooseff and McGlynn 2005). Cation 
analyses were conducted at the University of South Florida Center for Geochemical Analysis. 
Concentrations of magnesium and calcium were determined by inductively coupled plasma-
emission spectroscopy (Perkin Elmer Inc., Waltham, Massachusetts) with a detection limit of 1.0 
ppm (parts per million) for major elements. Each sample concentration was acquired by taking 
the mean of five separate measurements, and relative standard deviation of the five acquisitions 
was generally 6% or less of the overall sample mean.  
Samples also were analyzed for deuterium and oxygen-18 because the isotopic 
composition of rainwater typically decreases with increasing altitude (Gonfiantini et al., 2001). 
Therefore, high-elevation headwaters collected in the Tulúa River Watershed were expected to 
have a lighter isotopic composition that could be differentiated from shallow groundwaters and 
stream waters collected below the high-elevation headwater region. Stable isotope analyses were 
conducted at the University of South Florida Stable Isotope Lab. Deuterium and oxygen-18 
analyses were performed using a Thermo Scientific Gasbench II coupled to a Thermo Scientific 
Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific Inc., Waltham, 
Massachusetts) using the equilibration method (Epstein and Mayeda, 1953; Prosser and 
Scrimgeour, 1995). Internal standards were used to calibrate the samples to the VSMOW scale. 
The internal standards were calibrated to VSMOW using VSMOW2 and SLAP2. Stable isotope 
data is reported in the conventional delta notation (δ) where, 
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𝛿 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1,000 ‰, 
where R is the ratio D/H or 18O/16O for deuterium and oxygen-18 respectively (Craig, 1961). The 
resulting sample values of δ D and δ 18O are represented in per mil (‰) deviation related to Vienna 
Standard Mean Ocean Water (VMSOW) and, by the convention, the δ D and δ 18O of VSMOW 
are set at 0‰ (Gonfianiti, 1978). Analytical precisions were 1.08‰ VSMOW and 0.11‰ VSMOW 
for δ D and δ 18O, respectively.  
Deuterium excess was used to examine water vapor source variation in the Tulúa River 
Watershed. Deuterium excess has been shown to increase as elevation increases (Gonfiantini et 
al., 2001), therefore, it would be expected that high-elevation headwaters collected in the Tulúa 
River Watershed would have a higher deuterium excess value than shallow groundwaters and 
stream waters collected bellow the high-elevation headwater region. Deuterium excess was 
solved for using the following equation, 
𝑑 = 𝛿𝐷 − 8 ∗ 𝛿18𝑂, 
where d is deuterium excess (Dansgaard, 1964). 
Mass-Balance Mixing Model 
A two-endmember mass-balance mixing model was used to solve for the contribution of 
high-elevation headwater runoff to the streams in the Tulúa River Watershed. Field observations 
indicated that high-elevation headwaters and shallow groundwater both contribute water to 
streams. Runoff from both sources was characterized using the seasonal mean concentrations 
of conservative chemical constituents: specific conductance, magnesium, and calcium (Table 1). 
The two-endmember mass-balance mixing model was run for both August and November. The 
mass-balance mixing model was, 
𝑆𝑊 − 𝐺𝑊
𝐻𝑊 − 𝐺𝑊
× 100 =  𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐻𝑊 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, 
where SW stands for sample water, GW for shallow groundwater, and HW for high-elevation 
14 
 
headwater. The two-endmember mass-balance mixing model assumes that downgradient waters 
are instantaneous mixes of the possible endmembers so additional water-rock interaction and 
evapoconcentration are assumed to be negligible.  
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RESULTS 
Water Chemistry 
Mean values of specific conductance (uS/cm), magnesium (ppm), and calcium (ppm) were 
highest for shallow groundwater, lowest for high-elevation headwaters, and intermediate for 
stream waters for both August and November (Table 1). All of the values were moderately higher 
in August than in November (Table 1). In August, mean±SD specific conductances were 
52.0±19.3 S/cm, 339±83.0 S/cm, and 148±22.1 S/cm for high-elevation headwaters, shallow 
groundwaters, and stream waters, respectively, while in November, mean±SD specific 
conductances were 39.3±18.9 S/cm, 242±71.7 S/cm, and 127±21.9 S/cm for high-elevation 
headwaters, shallow groundwaters, and stream waters, respectively. In August, mean±SD 
magnesium concentrations were 0.9±0.6 ppm, 11.5±5.8 ppm, and 4.4±1.9 ppm for high-elevation 
headwaters, shallow groundwaters, and stream waters, respectively, while in November, 
mean±SD magnesium concentrations were 0.5±0.3 ppm, 7.2±3.7 ppm, and 4.3±2.0 ppm for high-
elevation headwaters, shallow groundwaters, and stream waters, respectively. In August, 
mean±SD calcium concentrations were 7.1±3.9 ppm, 40.8±14.4 ppm, and 18.2±5.3 ppm for high-
elevation headwaters, shallow groundwaters, and stream waters, respectively, while in 
November, mean±SD calcium concentrations were 5.8±3.8 ppm, 28.8±10.3 ppm, and 14.7±4.7 
ppm for high-elevation headwaters, shallow groundwaters, and stream waters, respectively.  
 
Table 1. Physical and chemical properties of high-elevation headwaters, shallow groundwaters, 
and stream waters during the dry season (i.e., August 2016) and the wet season (i.e., November 
2016). Values are means ± standard deviation. 
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Constituent 
High-Elevation 
Headwaters 
Shallow 
Groundwaters  
Stream Waters 
 (n = 10) (n = 10) (n = 12)  
August, 2016 
Water Temperature (ºC) 9.6 ± (1.0) 15.4 ± (3.3) 15.2 ± (4.8) 
pH 7.5 ± (1.0) 8.0 ± (0.4) 8.0 ± (2.0) 
Specific Conductance 
(μS/cm) 
52.0 ± (19.3) 339 ± (83.0) 148 ± (22.1) 
Mg (ppm) 0.9 ± (0.6) 11.5 ± (5.8) 4.4 ± (1.9) 
Ca (ppm)  7.1 ± (3.9) 40.8 ± (14.4) 18.2 ± (5.3) 
D/H (‰VSMOW) -77.7 ± (11.5) -79.3 ± (6.1) -75.8 ± (6.1) 
18O (‰VSMOW) -11.0 ± (1.5) -10.8 ± (0.9) -10.7 ± (0.6) 
Deuterium Excess 
(‰VSMOW) 
10.0 ± (1.9) 7.0 ± (1.9) 9.8 ± (2.4) 
November, 2016 
Water Temperature (ºC) 11.7 ± (3.4) 14.3 ± (3.8) 15.2 ± (3.4) 
pH 8.2 ± (0.6) 8.3 ± (0.8) 8.1 ± (1.4) 
Specific Conductance 
(μS/cm) 
39.3 ± (18.9) 242 ± (71.7) 127 ± (21.9) 
Mg (ppm) 0.5 ± (0.3) 7.2 ± (3.7) 4.3 ± (2.0) 
Ca (ppm) 5.8 ± (3.8) 28.8 ± (10.3) 14.7 ± (4.7) 
D/H (‰VSMOW) -82.5 ± (5.2) -81.5 ± (5.8) -77.6 ± (5.3) 
18O (‰VSMOW) -11.5 ± (0.6) -11.3 ± (1.0) -10.8 ± (0.6) 
Deuterium Excess 
(‰VSMOW) 
9.63 ± (2.2) 8.5 ± (2.2) 9.2 ± (1.8) 
 
There was no clear distinction between the isotopic composition of high-elevation 
headwaters, shallow groundwaters, or stream waters (Table 1). In August, mean±SD deuterium 
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values were -77.7±11.5 ‰ VSMOW, -79.3±6.1 ‰ VSMOW, and -75.8±6.1 ‰ VSMOW for high-
elevation headwaters, shallow groundwaters, and stream waters, respectively, while in 
November, mean±SD deuterium values were -82.5±5.2 ‰ VSMOW, -81.5±5.8 ‰ VSMOW, and -
77.6±5.3 ‰ VSMOW for high-elevation headwaters, shallow groundwaters, and stream waters, 
respectively. In August, mean±SD oxygen-18 values were -11.0±1.5 ‰ VSMOW, -10.8±0.9 ‰ 
VSMOW, and -10.7±0.6 ‰ VSMOW for high-elevation headwaters, shallow groundwaters, and 
stream waters, respectively, while in November, mean±SD oxygen-18 values were -11.5±0.6 ‰ 
VSMOW, -11.3±1.0 ‰ VSMOW, and -10.8±0.6 ‰ VSMOW for high-elevation headwaters, shallow 
groundwaters, and stream waters, respectively. 
The isotopic composition of the high-elevation headwaters varied greatly both within and 
between the dry and wet seasons (Figure 3). In August, deuterium ranged from -92.4 to -64.8 ‰ 
VSMOW and oxygen-18 ranged from -12.8 to -9.5 ‰ VSMOW. In November, deuterium ranged 
from-83.8 to -75.3 ‰ VSMOW and oxygen-18 ranged from -11.9 to -10.7 ‰ VSMOW. These wide 
ranges of values indicate that elevation alone cannot explain the isotopic signature of the high-
elevation headwaters. All high-elevation headwaters plotted on the Global Meteoric Water Line 
(Craig, 1961), implying that fractionation due to evaporation was negligible (Figure 3). This implies 
that the observed variability is caused by variations in the isotopic compositions of the vapor 
masses from which the precipitation is derived. 
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Figure 3. Isotopic composition of all high-elevation headwaters the dry (black triangles) (i.e., 
August 2016) and wet (white triangles) (i.e., November 2016) seasons. Samples are plotted along 
the Global Meteoric Water Line (GMWL). 
 
Deuterium excess ranged from 4.0 to 15.6 ‰ VSMOW and 4.2 to 13.3 ‰ VSMOW in 
August and November, respectively, showing wide-ranging variability around the expected value 
of 10 ‰ VSMOW (Table 1). This variability made it difficult to distinguish between high-elevation 
headwaters, shallow groundwaters, and stream waters using deuterium excess alone. In August, 
mean±SD deuterium excess values were 10.0±1.9 ‰ VSMOW, 7.0±1.9 ‰ VSMOW, and 9.8±2.4 
‰ VSMOW for high-elevation headwaters, shallow groundwaters, and stream waters, respectively, 
while in November, mean±SD deuterium excess values were 9.63±2.2 ‰ VSMOW, 8.5±2.2 ‰ 
VSMOW, and 9.2±1.8 ‰ VSMOW for high-elevation headwaters, shallow groundwaters, and 
stream waters, respectively.  
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In a plot of deuterium excess versus a conservative tracer, there is no clear separation 
along the deuterium excess axis but a very clear separation along the conservative tracer axis 
(Figure 4). In the case of deuterium excess versus magnesium, high-elevation headwaters plot 
low on the magnesium axis (i.e., 0.2 to 1.6 ppm), shallow groundwaters plot high on the 
magnesium axis (i.e., 2.7 to 22.4 ppm), and stream waters plot between the high-elevation 
headwaters and shallow groundwaters (i.e., 1.9 to 7.7 ppm). The Tulúa Intake plotted in the 
between stream waters on the magnesium axis for both August and November (i.e., 4.7 and 5.2 
ppm, respectively).  
 
 
Figure 4. Deuterium excess vs magnesium during the dry season (i.e., August 2016) and the wet 
season (i.e., November 2016). High-elevation headwaters are represented in the white circles, 
shallow groundwaters are represented in the black circles, stream waters are represented in the 
grey circles, and the Tulúa intake is plotted in black-outlined circles.  
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Mass-Balance Mixing Models 
 
The contribution of high-elevation headwater runoff to streamflow was relatively high in 
both August and November, typically greater than 50% (Table 2; Figure 5). In general, the 
contribution of high-elevation headwater runoff to streamflow decreased from August (i.e., the dry 
season) to November (i.e., the wet season). There was no apparent trend associated with 
elevation. The contribution of high-elevation headwater runoff to streamflow at the Tulúa Intake 
remained high in both August and November, being proportionally 0.59-0.63 of the total 
streamflow in August and 0.30-0.52 of the total streamflow in November.  
 
Table 2. Proportions of high-elevation headwaters runoff contributing to streamflow for a) the dry 
season (i.e., August, 2016) and b) the wet season (i.e., November, 2016). Proportions were 
determined using a mass-balance mixing model with specific conductance (SC), magnesium 
(Mg), and calcium (Ca) as conservative, natural tracers. The streams were classified by their 
corresponding elevation. 
a)    August, 2016 
Elevation SC Mg Ca 
1035 m1 0.61 0.63 0.59 
1174 m 0.55 0.51 0.7 
1258 m 0.71 0.58 0.86 
1588 m 0.77 0.45 0.88 
1898 m 0.53 0.62 0.58 
1996 m 0.75 0.43 0.85 
2031 m 0.71 0.79 0.65 
2241 m 0.67 0.79 0.56 
2334 m 0.6 0.83 0.48 
2682 m 0.69 0.57 0.83 
3347 m 0.71 0.79 0.67 
3612 m 0.67 1 0.41 
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b)    November, 2016 
Elevation SC Mg Ca 
1035 m1 0.46 0.3 0.52 
1174 m 0.42 0.26 0.58 
1242 m 0.49 0.3 0.56 
1277 m 0.6 0.4 0.81 
1584 m 0.71 0.23 0.88 
1898 m 0.8 0.79 0.91 
2010 m 0.58 0 0.72 
2031 m 0.56 0.59 0.51 
2322 m 0.51 0.78 0.31 
2322 m 0.53 0.59 0.5 
2332 m 0.41 0.59 0.35 
2681 m 0.62 0.12 0.79 
2682 m 0.62 0.16 0.79 
3612 m 0.6 0.96 0.32 
1 Tulúa Intake 
 
Figure 5. High-elevation headwater runoff contribution to streamflow for a) the dry season (i.e., 
August, 2016) and b) the wet season (i.e., November, 2016). Proportions were determined 
using a mass-balance mixing model with specific conductance as a conservative, natural tracer. 
Elevation gradients are in units meters from sea level. 
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DISCUSSION 
Much of the Tulúa River Watershed is high-elevation headwaters, approximately 16% of 
which supports parámos (Figures 1 and 2). The mass-balance mixing models for specific 
conductance, magnesium, and calcium indicate that high-elevation headwaters are an important 
source of streamflow, providing 30-60% of the streamflow at the municipal intake in Tulúa (~55 
km downstream) (Table 2). All stream water, including the stream water at the Tulúa Intake, had 
a chemical composition resembling a mixture of high-elevation headwaters and shallow 
groundwaters (Figure 3). All of the streams contained direct runoff (40% or more) derived from 
high-elevation headwaters (Figures 5a and 5b). Results are consistent across specific 
conductance and two conservative ions, indicating that the results are robust (Table 2). Therefore, 
high-elevation headwaters are powerful streamflow generators of the Northern Andes.  
The mass-balance mixing model results should be considered conservative estimates of 
the high-elevation headwater runoff contribution. Although high-elevation headwaters are 
important sources of direct runoff, they also store water and contribute to shallow groundwater 
recharge and associated discharge to nearby streams in the high-elevation headwater settings 
(Farley et al., 2004; Mosquera at al., 2016). This phenomenon is evident our study, as the shallow 
groundwaters with the lowest concentrations of magnesium were collected in the high-elevation 
headwaters, immediately below the páramos (Figure 3). This observation is consistent with past 
results which showed that shallow groundwaters in páramos settings have low concentrations of 
dissolved ions (Bosnian et al., 1993). Though we classified those waters as shallow 
groundwaters, they were in fact high-elevation headwaters that had been only very briefly in the 
subsurface.  
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The results indicate that high-elevation headwater runoff has a significant influence on 
streamflow generation and, thus, on associated downgradient water supply. Similar results have 
been found in other high-elevation settings around the world (Viviroli et al., 2007; Mosquera et al., 
2015). However, much of the research on high-elevation headwaters in the Northern Andes has 
been focused on the role of páramo wetlands in local-scale water storage and release (e.g., 
Luteyn, 1992; Hofstede, 1995b; Sarmiento, 2000; Medina and Mena, 2001; Podwojewski et al., 
2002; Poulenard et al., 2003). Despite the assumed importance of high-elevation headwaters in 
the Northern Andes, very little is actually known about the processes that control their remarkable 
capacity for providing sustained streamflow throughout the year (Célleri and Feyen, 2009; 
Buytaert and Beven, 2011). This study partially closes this gap by connecting high-elevation 
headwaters to sustained dry- and wet-season streamflow throughout the tributaries and the main 
stem of Tulúa River, including the main stem at the Tulúa Intake.  
This study was limited by access, which was difficult, especially in the remote, rugged, 
high-elevation headwater settings. The Tulúa River Watershed covers very large and remote 
areas, making it difficult to navigate. Most of the remote areas of the Tulúa River Watershed is 
privately owned and has restricted access. Access is by unimproved road or trail, often navigable 
only by foot or horseback. Nevertheless, 66 samples were collected spread over two time periods, 
and results consistently showed the same pattern, i.e., that high-elevation headwaters in the 
Northern Andes are important sources of streamflow and water supply to rural and urban users 
on the lower flanks and in the valleys.  
There was no clear relationship between magnesium and calcium, so there was some 
variability in the mass-balance mixing model results from these two ions (Table 2.). This is likely 
caused by water interacting with heterogeneous deposits along short flow paths, with those 
deposits sometimes being more magnesium enriched, and other times being more calcium 
enriched (Sawyer and Cardenas, 2009). The variability was particularly pronounced in November, 
when samples were collected during a prolonged rainstorm, resulting in lower concentrations of 
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all ions (Tables 1 and 2). Specific conductance proved to be a more stable conservative tracer, 
because it is less susceptible to variability (Stewart et al., 2007). 
In addition, precipitation may have directly fallen into the stream during this sampling 
period, which could have slightly altered the results of the mass-balance mixing model, causing 
the percent high-elevation headwater runoff contribution to slightly increase. Furthermore, fog and 
mist are very common in the region, but the interception is generally attributed to arbustive 
vegetation, which has been significantly altered by agriculture; cattle grazing alone accounts for 
40% of the land cover in the Tulúa Watershed (Buytaert et al., 2007; Castillo Díaz, 2011). 
Nonetheless, results of the mass-balance mixing model were largely consistent across specific 
conductance, magnesium, and calcium, all implicating substantial contributions of high-elevation 
headwaters runoff in streamflow generation. 
Stable isotopes were not used as conservative tracers in this study. This is due to the 
isotopic variability found in the high-elevation headwaters (Table 1, Figures 3 and 4). The isotopic 
composition of high-elevation headwaters is likely influenced by multiple factors. High-elevation 
headwaters are derived from precipitation. Seasonal variation is common in the isotopic 
composition of precipitation (Allison, 1983). Colombia is in the Inter-Tropical Convergence Zone, 
so the source of atmospheric vapor and therefore precipitation vary, because of spatial variability 
introduced by the presence of the Andes and the Amazon River basin, by the adjacent Atlantic 
and Pacific Oceans, and by land-atmosphere feedbacks (Poveda et al., 2001).  
This change in isotopic composition has been noted in the past in Bogotá, Colombia, 
located nearby in the Northern Andes (Figure 1). Bogotá is a good example of seasonal patterns 
that take place in the high-elevation headwaters of the Tulúa River Watershed, because it is 
located in a high-elevation setting and is in close proximity (i.e., 250 km). The long-term data 
collected by International Atomic Energy Agency’s (IAEA) at Bogotá show that isotopic 
composition of precipitation can vary widely over very short time intervals (IAEA, 2016). In August, 
the average isotopic composition was -8.98‰ VSMOW for oxygen-18, -60.2‰ VSMOW for 
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deuterium, and 10.9‰ VSMOW for deuterium excess. In November, the average isotopic 
composition was -10.4‰ VSMOW for oxygen-18, -73.8‰ VSMOW for deuterium, and 10.9‰ 
VSMOW for deuterium excess. A similar pattern was seen in Tulúa River Watershed waters, with 
the stable isotopes values becoming increasingly depleted from August to November (Table 1).  
Water demand is expected to increase in urban and agricultural socioecosystems that 
flank the Andes as populations and economic opportunities continue to grow (Ruiz et al., 2008; 
Célleri and Feyen 2009). For many rural communities, and many indigenous communities in 
particular, water is part of the sacred connection between the people and their mother earth (Law, 
2003). However, economic limitations often prevent them from preserving or otherwise properly 
managing high-elevation headwaters, including much-needed economic development associated 
with illegal mining, agriculture, and logging (Ruiz et al., 2008). The agricultural, industrial, and 
urban interests in the more-developed lowland valleys are also dependent on the streamflow 
generated by high-elevation headwaters. Therefore, there may be points of intersection where 
both parties can benefit from economic development while also properly managing high-elevation 
headwaters. 
The recent recognition of these potential intersections has led to the proliferation of 
headwaters conservation efforts, including water funds (Goldman et al. 2010), which are long-
term trust funds managed by public-private partnerships of water users who determine how to 
invest in conservation activities in priority areas. Also, the Colombian government has recently 
launched policies such as Pago por Servicios Ambientales (PSA) (Echavarria, 2003) to construct 
peace, restore ecosystems, and restore natural resources in the country. This policy will enact to 
pay rural farmers and rural communities to protect natural resources, particularly páramos, 
watersheds, and wetlands. Rural communities have been shown to benefit from these payments, 
these typically ignored communities have been shown to spend their PSA earnings on basic 
needs and increase their participation in the local economy (Echavarria, 2003). Understanding 
priority watershed ecosystems is critical for improving management and conservation frameworks 
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(Khan et al., 2001). Accordingly, this project is designed to develop a sound understanding of how 
watershed ecosystems function and to deliver this knowledge to academic, government, NGO, 
and stakeholder groups engaged in watershed-planning efforts.  
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Table A1: All of the data for the month of August. 
 
 
 
 
 
 
 
 
 
  
Source Sample Date Latitude Longitude Elevation T(°C) pH SC Mg Ca D 18O D Excess
HEH 81301 8/13/2016 3.89084 -75.854871 3711 8.6 6.1 53 0.3 8.8 -61.3 -8.7 8.2
HEH 81303 8/14/2016 3.89115 -75.856851 3793 9.6 5.6 33 0.2 3.9 -64.8 -9.5 11.1
HEH 81304 8/15/2016 3.89177 -75.85804 3786 8.2 7.7 57 0.2 9.4 -66.1 -9.8 12.2
HEH 81305 8/16/2016 3.89261 -75.86244 3670 8 7.9 73 0.3 12.4 -68.9 -9.9 9.9
HEH 81308 8/18/2016 3.898 -75.871464 3551 7.5 8.8 42 1.5 4.8 -77 -10.4 5.9
HEH 81404 8/16/2016 3.95409 -75.915787 3457 13 7.8 39 1 3.8 -87 -12.2 10.4
HEH 81404 8/17/2016 3.95409 -75.915787 3457 13 7.8 39 1 3.8 -87.4 -12.2 10.5
HEH 81405 8/18/2016 3.95949 -75.913442 3612 9.5 8 96 1.5 13.7 -92.3 -12.8 10.2
HEH 81406 8/19/2016 3.95458 -75.915331 3480 8.4 7.7 47 1 7.6 -87.1 -12.1 9.5
HEH 81504 8/18/2016 3.96333 -75.947387 3080 10.3 7.9 41 1.6 2.8 -85 -12.2 12.3
GWD 81105 8/12/2016 4.00271 -76.153807 1144 21.5 7.9 306 8.2 27.1 -64.9 -8.7 4.8
GWD 81111 8/15/2016 3.9721 -76.132954 1253 20.3 7.6 326 12.4 29.8 -73.8 -9.8 4.5
GWD 81208 8/15/2016 3.91199 -76.04194 2195 15 7.9 286 20.3 25.3 -78.4 -10.8 8.4
GWD 81217 8/19/2016 3.90393 -75.926338 2340 14.6 7.8 309 6.2 49 -82.9 -11.5 8.9
GWD 81219 8/20/2016 3.90931 -75.913269 2539 13.2 7.7 330 8 48.9 -83.4 -11.1 5.5
GWD 81310 8/20/2016 3.90744 -75.897956 3147 11 9 222 6.7 30.3 -85.7 -11.6 7.4
GWD 81401 8/14/2016 3.91559 -75.908413 2657 13.3 8.2 418 13.3 49.2 -78.4 -10.7 7.1
GWD 81403 8/15/2016 3.92154 -75.904336 2583 14.4 7.9 530 11.1 69.9 -80.1 -11.3 10
GWD 81501 8/15/2016 3.90678 -75.91957 2470 17.6 7.7 353 22.4 30.8 -81.2 -10.8 5.4
GWD 81503 8/17/2016 3.90385 -75.926303 2337 13.5 8.2 308 6.1 47.5 -84 -11.5 7.7
Stream 81106 8/13/2016 3.99926 -76.150167 1154 23.8 7.8 182 6 17.3 -69.1 -9.9 10
Stream 81109 8/14/2016 3.96962 -76.129123 1262 22.8 7.8 134 5.4 11.9 -72 -10.5 12.1
Stream 81201 8/12/2016 3.98883 -76.079029 1893 16.6 6.8 186 4.9 21.4 -68.7 -9.9 10.3
Stream 81204 8/13/2016 3.96162 -76.070407 1600 15.6 7.8 119 6.7 11 -77.3 -11 10.7
Stream 81207 8/14/2016 3.93628 -76.060798 2032 13.9 6 123 6.9 12.2 -77.5 -10.9 9.8
Stream 81210 8/16/2016 3.88632 -76.000248 2058 13.6 7.5 148 3.1 22 -76.6 -10.6 8.3
Stream 81211 8/17/2016 3.90551 -75.980526 2061 12.9 7.6 134 3.1 18.8 -77 -10.5 7
Stream 81214 8/18/2016 3.92622 -75.971474 2644 13 7 140 5.4 12.7 -81.4 -11 6.4
Stream 81306 8/17/2016 3.8971 -75.866777 3623 7.9 8 147 0.8 27 -69.4 -10.6 15.6
Stream 81309 8/19/2016 3.89861 -75.877822 3391 10.5 14 134 3.1 18.2 -90.7 -12.4 8.2
Stream 81502 8/16/2016 3.90576 -75.923442 2104 12.1 7.7 167 2.7 24.7 -76.1 -10.7 9.1
Stream 81103 8/11/2016 4.05088 -76.182939 1050 19.3 7.6 165 4.7 20.9 -73.9 -10.5 10
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Table A2: All of the data for the month of November. 
 
 
 
 
 
 
 
 
Source Sample Time Latitude Longitude Elevation T(°C) pH SC Mg Ca D 18O D Excess
HEH 11221 11/22/2016 3.89083 -75.8549 3736 15.6 8.8 46 0.3 7.3 -84.4 -11.3 6.3
HEH 11222 11/22/2016 3.88991 -75.8548 3828 13.8 8.4 40 0.3 7 -83.8 -11.2 6.1
HEH 11223 11/22/2016 3.89118 -75.8569 3795 14.6 8.6 22 0.1 2.5 -86.3 -11.8 7.8
HEH 11224 11/22/2016 3.89114 -75.8571 3795 15.1 6.8 21 0.1 3 -80.7 -11.3 9.9
HEH 11226 11/22/2016 3.89103 -75.8573 3795 8.8 8 55 0.2 9.7 -75.3 -10.7 10.1
HEH 11227 11/22/2016 3.89259 -75.8625 3660 7.9 8.1 70 0.3 12.5 -77.2 -11.1 11.4
Stream 11228 11/22/2016 3.89714 -75.8668 3601 8.3 8.3 120 0.7 21.4 -80.8 -11.3 9.4
HEH 11229 11/22/2016 3.89714 -75.8668 3601 6 8.4 30 1 3.3 -76.2 -11.2 13.3
GWD 112210 11/22/2016 3.89861 -75.8779 3382 11.2 8 108 3 13.3 -85.9 -12 10.1
GWD 112211 11/22/2016 3.90412 -75.889 3251 9.1 8 164 2.6 23.9 -89.2 -12.4 10.2
GWD 112212 11/22/2016 3.90737 -75.898 3116 11.5 8 221 6.7 29 -85.9 -11.7 7.7
HEH 112301 11/23/2016 3.95956 -75.9134 3603 9.5 8.7 66 1.1 9.7 -93.8 -12.9 9.1
HEH 112302 11/23/2016 3.95597 -75.9152 3516 11 8.9 17 0.3 1.2 -83.8 -11.9 11.3
HEH 112303 11/23/2016 3.95358 -75.9148 3446 14.2 7.5 45 0.6 5.9 -83.5 -11.8 11
HEH 112304 11/23/2016 3.96337 -75.9474 3096 11.9 8.4 20 0.7 1.4 -82.2 -11.5 9.6
GWD 112305 11/23/2016 3.90396 -75.9263 2341 15.5 9.7 265 4.5 39.6 -83.6 -11.7 9.6
Stream 112306 11/23/2016 3.90463 -75.9258 2339 12 8.8 138 2 21.6 -83.9 -11.7 9.3
Stream 112307 11/23/2016 3.90493 -75.9249 2333 14.9 8.5 158 3.3 20.8 -83.7 -11.5 8
GWD 112308 11/23/2016 3.92168 -75.9043 2532 13.6 7.7 299 7.6 36.5 -81.7 -11.5 10.5
GWD 112310 11/23/2016 3.90922 -75.9131 2531 12.5 8.3 320 7.6 45.4 -82.8 -11.5 9
Stream 112401 11/24/2016 3.9263 -75.9716 2641 13.7 6.4 117 6.2 10.7 -80.1 -11 8
Stream 112402 11/24/2016 3.9263 -75.9716 2641 13.7 6.4 117 6.4 10.7 -78.7 -11 9.2
Stream 112405 11/24/2016 3.90539 -75.9804 2054 12.6 9.3 129 3.2 17 -82 -11.2 7.4
Stream 112406 11/24/2016 3.90549 -75.9812 2045 13.3 8.9 134 3.2 17.3 -82.8 -11.2 6.6
GWD 112408 11/24/2016 3.91218 -76.0419 2193 15.1 9.6 210 14.2 18 -78 -11 10.2
Stream 112410 11/24/2016 3.93802 -76.0595 2034 15.5 9 125 7.7 12.3 -72.1 -10.5 11.7
Stream 112413 11/24/2016 3.96163 -76.0704 1625 15.7 8.7 97 5.7 8.5 -75 -10.9 12.1
Stream 112416 11/24/2016 3.98889 -76.0791 1884 17.5 9.2 79 1.9 7.8 -65.2 -9.5 11.1
Stream 112501 11/25/2016 4.05086 -76.183 1045 17.1 8.6 148 5.2 16.7 -77.6 -10.9 10
Stream 112503 11/25/2016 3.96973 -76.1292 1294 19.5 8.3 120 4.5 10.2 -75.2 -10.4 7.8
Stream 112504 11/25/2016 3.97098 -76.1289 1268 16.6 4.5 143 5.2 15.9 -76.8 -10.9 10.5
GWD 112505 11/25/2016 3.9721 -76.133 1267 19.3 7.2 279 10.6 25 -75 -10 4.9
Stream 112507 11/25/2016 3.99932 -76.1501 1171 22.2 7.9 157 5.5 15.4 -72.6 -9.9 6.6
GWD 112509 11/25/2016 4.00308 -76.1534 1159 20.8 7.9 308 8.4 28.2 -71.1 -9.4 4.2
